Lectins are carbohydrate-binding proteins which potentially link to cell surface glycoconjugates and affect cell proliferation. We investigated the effect of a new lectin from the mushroom Xerocomus chrysenteron (XCL) on cell proliferation using adherent and suspension cell lines. XCL caused a dose-dependent inhibition of proliferation of the adherent cell lines NIH-3T3 and HeLa. Several experiments suggest that disruption of cell-substrate adhesion is the main factor affecting cell growth inhibition. (i) No antiproliferative effect was observed on the SF9 cell line, which does not require to be attached to grow. (ii) XCL was shown to affect the adherence of cells following their suspension by trypsin treatment. (iii) XCL was localized on the cell surface where it would act as a coating agent. (iv) XCL induced morphological changes from well spread to rounded cells and disrupted the actin cytoskeleton. By contrast, flow cytometric analysis showed that XCL does not interfere with the cell cycle, and does not induce apoptosis. (Mol Cell Biochem 258: [49][50][51][52][53][54][55] 2004) 
Introduction
The carbohydrate binding proteins play a key role in the control of normal and pathological processes in various living organisms, participating in many cell reactions such as cell growth and division [1] . Since lectins distinguish themselves from all other proteins by their specific carbohydrate binding activity, one can reasonably assume that their physiological role involves their sugar binding activity [2] . Indeed, some lectins inhibit cell proliferation by cross-linking cell-surface glycoconjugates without any need for internalization [3] . The lectin from the common edible mushroom Agaricus bisporus (ABL) has been shown to have a reversible antiproliferative effect without inducing any cytotoxicity in a wide range of epithelial cell types [4] . The lectin from the mushroom Xerocomus chrysenteron (XCL) belongs to the same group of lectins firstly described for ABL and AOL (Arthrobotris oligospora lectin) for sequence homology and sugar specificity [5] : XCL and ABL, sharing 55% sequence identity, are both specific for N-acetyl galactosamine and galactose. Consequently, the antiproliferative activity of XCL was studied using different cell lines in order to assess the mechanism by which this lectin could potentially elicit its biological effects.
The effect of XCL on cell growth was determined using two adherent mammalian cell lines (HeLa and NIH-3T3) and a non-adherent insect cell line (SF9). To investigate the mode of action of the fungal lectin, the anti-adhesion properties were studied in relation to the implication of XCL as a cell surface coating agent. The strong binding properties of XCL on the cell surface were visualized by immunofluorescence microscopy, suggesting that it could inhibit cell anchorage leading to cell antiproliferation. Moreover, the effect of XCL on the actin cytoskeleton of cells was also investigated.
Materials and methods

Materials
A clone encoding a lectin from Xerocomus chrysenteron was obtained by PCR from primers deduced from peptidic sequences [6] . This clone was expressed in E. coli with a histidine tail at the N-terminus. Purification of the protein (XCL) was achieved by affinity chromatography using nickel as ligand. Purified extracts were found to be devoid of any contaminant as assessed by overloaded SDS-PAGE.
Cell proliferation reagent WST-1 was purchased from Roche for the colorimetric assays to quantify cell viability by mitochondrial activity assays. Trypsin/EDTA 0.05%/0.02% (w/v) in PBS was purchased from Biochrom AG.
Primary antibodies
Polyclonal antibodies directed against native XCL protein were obtained by incubation of rabbit erythrocytes with the lectin, followed by intravenous injection into the animal. These antibodies recognized only the native form and not the denatured form. Mouse anti-actin monoclonal antibodies (MAB1501) were purchased from Chemicon International. Secondary antibodies FITC-labelled goat anti-rabbit and goat anti-mouse antibodies were purchased from Molecular Probes.
Cell culture SF9 cells were grown in SF900 medium at 28°C in 25 cm 2 flasks. HeLa and NIH-3T3 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, 100 U.ml -1 penicillin, 100 µg.ml -1 streptomycin, and 2 mM glutamine in a 5% CO 2 incubator at 37°C. Cell proliferation assays were done in the same medium.
Cell proliferation assays
Cells (NIH-3T3, HeLa) were plated (5.10 3 cells/well) in 96-well microtiter plates. After incubation at 37°C for 6 h, XCL was added to the wells (35-140 µg.ml -1 ), and incubation proceeded for 1-3 days. Controls cells were incubated in the absence of lectin. SF9 cells were plated (15.10 3 cells/well) in 96-well microtiter plates containing SF900 medium and incubated for 1-3 days at room temperature using the same range of XCL concentrations. Proliferation of the three cell lines was assessed using the WST-1 reagent. The reagent was directly added to the well at 10% (v:v) in triplicates. A range of cell density was included at each assay to plot the standard curve. A spectrophotometer was used to read the absorbance at 450 nm as recommended by the manufacturer.
Proliferation rates were estimated as the ratio of the number of cells after 2 days/number of cells at the beginning of the experiment. Effect of the lectin was estimated as the ratio of the proliferation rate observed in the presence of lectin/the proliferation rate observed for the reference.
Cell adhesion assays
To investigate the relationship between the abundance of adhesion proteins at the cell surface and the role of the fungal lectin, HeLa cells were treated with trypsin/EDTA 0.05%/ 0.02% (w/v) in PBS for different durations (from 5-15 min) before lectin incubation in the medium. Indeed, trypsin is known to digest the proteins on the cell surface involved in adhesion. The longer the cells were exposed to trypsin the less the effective adhesion proteins were available. After the trypsin treatment, the suspended cells (5000 cells) were incubated with 70 µg.ml -1 of XCL, and the number of adherent cells after 1-6 h was assessed using the WST-1 test. Growth medium was removed and the adherent cells were washed with PBS (10 mM phosphate buffer pH 7.2, 150 mM NaCl) before adding fresh DMEM medium and the WST-1 reagent at 10% (v:v) in triplicates. Materials and conditions to perform the colorimetric assays were as described above.
Flow cytometry analyses
HeLa or NIH-3T3 cells were plated in 6-cm plates, and then incubated for 2 or 3 days in the presence of XCL at 35 or 70 µg.ml -1 . The cells were collected by centrifugation, washed in PBS, fixed in ice-cold 70% ethanol for 30 min and again washed in PBS. Cells were suspended in PBS, and an equal volume of DNA extraction buffer (4 mM citric acid in 0.2 M Na 2 HPO 4 ) was added and incubation proceeded for 5 min. Cells were then centrifuged and incubated 30 min in PBS containing 20 µg.ml -1 propidium iodide, 0.2 mg.ml
RNAse A, 0.1% Triton X-100. Fluorescence of propidiumiodide-stained cells was measured with a FACSCalibur cytometer and analysed with Cell Quest software (BectonDickinson). For each experiment, 10,000 events were counted.
Immunofluorescence microscopy
Cell surface binding of XCL Cells (HeLa or NIH-3T3) from the stock cultures were suspended by 5 min trypsin treatment and incubated with 70 µg.ml -1 XCL under gentle agitation in DMEM/10% fetal bovine serum, at room temperature. Control cells were incubated in the absence of lectin. After 15 min of incubation, the cells were washed with PBS, fixed in PBS/3.6% formaldehyde for 30 min at room temperature and washed in PBS. Non-specific sites were saturated in PBS/3% BSA (w/v) for 1 h at room temperature and the cells were then incubated for 1 h at room temperature with the rabbit polyclonal antibody directed against XCL after dilution to 1/400 in PBS/1% BSA. After two washes in PBS, the cells were incubated with the FITC labelled anti-rabbit antibody (dilution 1/400) for 1 h at room temperature. The cells were washed twice in PBS before being incubated for 5 min at room temperature with a 0.2 µg/ml solution of DAPI in PBS and washed again in PBS. After each step of washing and incubation, cells were centrifuged at 1000 g for 5 min at room temperature. The supernatant was discarded and the cells used in the next step. Finally, the cells were covered in Moviol (Calbiochem) and mounted on glass slides.
Actin cytoskeleton labelling
Cells were plated on coverslips, and treated by XCL at 70 µg.ml -1 for 16 h. They were fixed in 3.6% formaldhehyde/ PBS for 90 min and permeabilized in 0.5% Triton X-100/PBS for 5 min. The coverslips were blocked with PBS/3% BSA (w/v) for 1 h, and then incubated with mouse anti-actin monoclonal antibody for 1 h. The cells were then washed with PBS and stained for 45 min with FITC-secondary antibody. They were DAPI stained and samples were mounted in Sigma mounting medium and examined by fluorescence microscopy.
Results
Effect of XCL on cell proliferation
XCL showed effects on the proliferation of both adherent cells lines: HeLa and NIH-3T3. A diminution of their proliferation rate, proportional to the XCL concentration, was observed after 2 days of incubation (Fig. 1A) . On the contrary, no significant effect on the growth of the non-adherent cell line SF9 was observed during the 3 days of incubation with XCL (Fig. 1A) . Cell mortality was observed by trypan blue dye labelling for HeLa and NIH-3T3 cell lines at the second and third day of incubation with the lectin (data not shown). This cytotoxicity was proportional to the XCL concentration, as shown in Fig. 1B for Hela cells incubated for 2 days with different doses of the lectin.
Cell cycle distribution
To determine the nature of the antiproliferative effect of XCL, we investigated whether the lectin could interfere with the cell cycle or induce an apoptotic process. HeLa and NIH-3T3 (data not shown) cells were exposed to different doses of XCL for 2 or 3 days, then subjected to flow cytometric analysis. In all cases, the XCL-treated cells exhibited a DNA pattern similar to that of the non-treated cells (Fig. 2) . Furthermore, and in agreement with nucleus morphological observation (data not shown), no subG1 DNA peak, characteristic of a reduction in DNA content, was observed in any case. Thus, XCL did not disrupt the cell cycle nor did it induce apoptosis. 
Effect of XCL on the adhesion of trypsin-treated cells
Since XCL only showed an antiproliferative effect on the adherent cells lines, we considered that the lectin might inhibit adhesion processes essential for the growth of these cells. To assess the relationship between XCL and adhesion protein at the cell surface, we determined the adherent HeLa cell number after different durations of trypsin treatment followed or not by incubation with XCL (Fig. 3) . Whatever the trypsin exposure duration and with or without incubation with XCL, the number of adherent cells reached a plateau within 2 h, indicating that the major adhesion processes were completed during that period. As expected, the longer the cells were exposed to trypsin the lower the number of adherent cells, reflecting the diminution of effective adhesion proteins at the cell surface. A reduction of the adherent cell number (~ 50%) was observed when the trypsin treatment was extended from 5-10 min (compare Fig. 3A, control/Fig. 3B,  control) . When the trypsin treatment was prolonged to 15 min, a ~ 70% reduction of cell adhesion was observed (compare Fig. 3A, control/Fig. 3C, control) .
In the presence of XCL, a marked inhibition of cell adhesion was observed. Whatever the duration of trypsin exposure about 60% of the cells failed to adhere and remained floating in the medium.
These experiments suggest that XCL interacts at the cell surface with extramembrane glycoproteins, inhibiting cellmatrix interactions.
Cell surface binding of XCL
Next, we carried out immunofluorescence experiments to visualise the binding of XCL at the cell surface which could explain the anti-adhesion effect of XCL. Hela cells were incubated under gentle agitation with the fungal lectin for 15 min, then immunolabelled with anti-XCL antibodies, and DAPI stained to visualise the cell nuclei ( Figs 4C and 4D ). Whereas no staining was found on lectin untreated cells (Fig. 4A ), specific punctuate labelling of the cell surface was present on the XCL treated cells (Fig. 4B) . These observations confirm the rapid binding of large amounts of XCL to cell surface receptors.
XCL induces actin cytoskeleton modifications
Morphological changes were observed by microscopic examination of Hela cells cultured in the presence of XCL (data not shown). Whereas control cells were well spread on the plastic, XCL treated cells were more refractile, rounded in shape and failed to spread correctly although they were still attached to the plastic plate. Since the actin cytoskeleton plays a key role in cell morphogenesis and cell adhesion, we investigated the possibility that the modifications of cell-substratum adhesion caused by XCL is correlated with a rearrangement of the actin cytoskeleton. Immunofluorescence studies showed that in control cells, actin is mostly organized in circumferential microfilament bundles (Fig. 5A) , whereas XCL treated cells display a distinctive organization of actin microfilaments in the cell cortex, characterized by radial actin microspikes (Fig. 5B) . Thus, XCL induced the formation of distinct structures involved in cell-substratum adhesion. lines, namely Hela and NIH-3T3. The inhibitory effects of lectins on cell adhesion are a widespread phenomenon observed in a number of cell lines and involve protein sugar interactions. For example, galectin-8 inhibited the growth of three cell lines including Hela [7] . Didemnum ternatanum lectin (DTL) also inhibits the proliferative activity of Hela cells grown on solid substrate and acts to slow cell growth, interfering in cell attachment and spreading [1] . Whereas both adherent cell lines studied here were sensitive to the fungal lectin, no effect on the SF9 growth was observed whatever the lectin concentration in the medium. As the insect cell line was able to proliferate in suspension and had no need to adhere to an extracellular matrix, we hypothesized that XCL interfere with the cells adhesion process.
The cell mortality of Hela and NIH-3T3 cells occurring from the second to the third day of incubation with XCL was not due to an apoptotic process. Indeed, FACS analysis combined with nuclei observations of XCL treated cells using DAPI staining allowed us to conclude that the fungal lectin did not induce apoptosis. We also determined that XCL did not have any effect on the cell cycle. This result suggests that cell death originates from a disruption of cell adherence and supports the hypothesis that in the same manner, the antiproliferative effect of XCL originates from inhibition of cellmatrix interactions.
Cell-matrix interactions occur through a variety of cell adhesion receptors [8] . Exogenously added adhesion molecules such as integrins, cadherins but also lectins control some biological processes through interaction with cell complementary glycoconjugates [8] . To study the interactions between XCL and the adhesion protein at cell surface, Hela cells were treated with trypsin for different durations. The longer was the trypsin treatment, the smaller the number of adherent cell. When Hela cells were incubated with XCL, the adherent cell density decreased further. The adherence reduction can be explained by the reduction of available adhesion protein due to the action of trypsin and to cell coating by the fungal lectin which rapidly blocked the last adhesion protein present on cell surface. From 1-2 h, cells which were able to adhere were spread. Whereas most of cell lines are commonly spread after 2 h at 37°C [7] , the early phases of cell adhesion occurred in the first 30 min. At this time, early focal contacts are present at the edges of the cells. Within 1 h of adhesion, cells are maximally enlarged while at 3 h the adhesive process is completed [9] . In accordance with their proposed functions, lectins enhance or inhibit cell matrix interactions. Although little is known about the exact role of lectins in regulating cell adhesion, current models suggest that binding of lectins to matrix proteins elicits an inhibitory effect due to a steric hindrance of cell-matrix interactions [10, 11] . The latter depend to a large extent upon the engagement of specific extra-cellular matrix proteins with cell surface integrins [12] [13] [14] . Integrins mediate cell adhesion, migration and in- 
Discussion
In the first part of this work, lectin from X. chrysenteron was shown to inhibit the proliferation of two mammalian cell vasion and have been implicated in the regulation of many cellular functions [14] . When present as a soluble ligand, the lectin forms a complex with cell surface proteins that negatively regulates cell adhesion. Thus, our results suggest that, like several galectins [15, 16] , XCL is a modulator of cell adhesion.
Immunofluorescence revealed that cells became completely covered by the fungal lectin within 15 min. Other lectins have already been shown to rapidly cover cell and tissue surfaces. Epithelial cells from several insect guts were found to be covered by Galanthus nivalis (GNA) and Con-A lectins added to the insect diet [17, 18] . The accumulation and persistence of lectins on cell and tissue may additionally act by disrupting the multiple metabolic processes carried out by this cell or this tissue [18] .
The effect of XCL on cell-matrix adhesion was confirmed by the induction of dramatic changes in the organization of the actin cytoskeleton of Hela cells. Various actin-containing structures involved in cell-substratum interactions have been described, including focal adhesion, point contacts, filipodia, and podosomes [19, 20] . The balance of adhesive receptors ligated at the cell surface for cell-matrix attachment serves to regulate the type of substratum adhesion contact assembled and subsequent cytoskeletal organization. We hypothesize that the interaction of XCL with adhesive receptors triggers signalling events leading to the reorganization of the actin cytoskeleton. Thus, in response to the XCL coating, the cell would display a distinctive organization of actin microfilaments characterized by radial actin microspikes.
The adhesion of cells to the surrounding extracellular matrix is a necessary process to allow cells to survive, proliferate, and differentiate. Defects in these pathways associated with several external signals, such as those from adhesion proteins, provide the basis for cell function abnormalities [21] . The present work suggests that soluble XCL binds receptors on the cell surface that mediate cell-matrix interactions. The modification of cell-matrix attachment induced by the XCL coating was coupled to a clear inhibitory effect on cell proliferation.
